Objectives: To (1) identify sex-related differences in risk factors and revascularization strategies for patients undergoing coronary artery bypass grafting (CABG), (2) assess whether these differences influenced early and late survival, and (3) determine whether clinical effectiveness of the same revascularization strategy was influenced by sex.
Methods: From January 1972 to January 2011, 57,943 adults-11,009 (19%) women-underwent primary isolated CABG. Separate models for long-term mortality were developed for men and women, followed by assessing sex-related differences in strength of risk factors (interaction terms).
Results: Incomplete revascularization was more common in men than women (26% vs 22%, P <.0001), but women received fewer bilateral internal thoracic artery (ITA) grafts (4.8% vs 12%; P <.0001) and fewer arterial grafts (68% vs 70%; P <.0001). Overall, women had lower survival than men after CABG (65% and 31% at 10 and 20 years, respectively, vs 74% and 41%; P .0001), even after risk adjustment. Incomplete revascularization was associated equally (P >.9) with lower survival in both sexes. Single ITA grafting was associated with equally (P ¼ .3) better survival in women and men. Although bilateral ITA grafting was associated with better survival than single ITA grafting, it was less effective in women-11% lower late mortality (hazard ratio, 0.89 [0.77-1.022]) versus 27% lower in men (hazard ratio, 0.73 [0.69-0.77]; P ¼ .01).
Conclusions: Women on average have longer life expectancies than men but not after CABG. Every attempt should be made to use arterial grafting and complete revascularization, but for unexplained reasons, sex-related differences in effectiveness of bilateral arterial grafting were identified. (J Thorac Cardiovasc Surg 2017;153:571-9)
Unadjusted survival after coronary artery bypass grafting stratified by sex and single versus bilateral internal thoracic artery grafting.
Central Message
Although risk-adjusted survival after coronary artery bypass grafting is worse for women than men, every attempt should be made to fully revascularize all patients undergoing coronary artery bypass grafting and use bilateral internal thoracic artery grafting when possible.
Perspective
Long-term survival after coronary artery bypass grafting is worse for women than men even after adjustment for differences in strength of risk factors; however, in both men and women, complete coronary revascularization and use of bilateral internal thoracic artery grafting are associated with better long-term survival compared with incomplete revascularization and single internal thoracic artery or only saphenous vein grafting.
See Editorial Commentary page 580.
If the same operation for coronary artery disease were performed in women and men with the same comorbidities and extent of coronary artery disease, would outcomes be the same? Women undergoing coronary artery bypass grafting (CABG) generally are older and sicker than men and have a disproportionate number of risk factors associated with poor outcomes [1] [2] [3] [4] ; however, depending on the statistical approach, richness of the Cardiothoracic Anesthesia, and data set, and length of follow-up, studies differ on whether their outcomes after CABG are worse than those of men, all else being equal. 1, 2, 5 Although few sex-specific preoperative risk factors potentially are modifiable, surgeons can influence sex-specific variation in factors related to decisions about revascularization strategy, such as completeness of coronary revascularization and choice of bypass conduits. 6 What is uncertain, however, is whether a similar revascularization approach for similar coronary artery disease in a woman and a man with similar comorbidities results in similar outcomes.
Therefore, our objectives were to (1) identify sex-associated differences in preoperative risk factors and revascularization strategies; (2) assess whether these differences, particularly in revascularization strategy, influence risk-adjusted early and late mortality; and (3) determine whether clinical effectiveness of the same revascularization strategy is influenced by sex.
PATIENTS AND METHODS Patients
From January 1972 to January 2011, 57,943 adults, including 11,009 women (19%), underwent primary isolated CABG at Cleveland Clinic. Preoperative, operative, and postoperative variables were retrieved from the Cardiovascular Information Registry of the Heart and Vascular Institute. This registry is populated concurrently with patient care and has been approved for use in research by the institutional review board, with individual patient consent waived.
Revascularization Strategies
Completeness of revascularization was defined as a conduit placed to any coronary system (left anterior descending coronary artery [LAD] , left circumflex coronary artery [LCx], or right coronary artery systems) with 50% or more stenosis, or grafting to both the LAD and LCx systems for left main disease !50%. Surgical revascularization strategies included the following main conduits: saphenous vein graft (SVG), single or bilateral internal thoracic artery graft, and radial artery graft.
Endpoints
In-hospital safety endpoints included those defined and assessed as quality benchmarks by the Society of Thoracic Surgeons National Database (see http://www.sts.org/sites/default/files/documents/STSAdultCV DataSpecificationsV2 _81.pdf). The effectiveness endpoint was all-cause time-related mortality and its instantaneous risk; all-cause mortality is a hard endpoint not subject to subjective interpretation. Systematic periodic follow-up data were obtained through the Cardiovascular Information Registry through year 2000, supplemented with information from the Social Security Death Master File, accessed on October 27, 2011, when it still contained all federal and state death records. To account for a reporting lag time of 6 months, a closing date of April 27, 2011, was used.
Median follow-up for women was 10 years; 25% of survivors were followed more than 19 years and 10% more than 27 years, with 126,462 patient-years of follow-up data available for analysis. Median follow-up for men was 12 years; 25% of survivors were followed more than 22 years and 10% more than 31 years, with 626,162 patient-years of follow-up data available for analysis.
Data Analysis
Analyses were performed with SAS version 9.2 statistical software (SAS Institute, Inc, Cary, NC).
Sex differences in preoperative characteristics, revascularization strategy, and in-hospital outcomes. Comparisons of preoperative characteristics, revascularization strategies, and in-hospital outcomes between women and men were made with the Wilcoxon ranksum nonparametric test for continuous variables, and the c 2 test (Fisher exact test when frequency was <5) for categorical variables. P .05 was considered a statistically significant difference. Logistic regression analysis was performed for hospital mortality by using variables in Appendix E1 and bootstrap variable selection. 7 Briefly, with a P-value criterion for retention of variables in the model of .05, variables from 500 resampled data sets with bootstrap reliability of 50% or more were included in the parsimonious model.
Sex differences in survival. Nonparametric survival estimates stratified by sex and revascularization strategy were obtained by using the Kaplan-Meier method and parametric estimates via a multiphase nonproportional hazards model. 8 The parametric method was used to resolve the number of phases of instantaneous risk of death (hazard function) and to estimate shaping parameters (for details, see www.lerner.ccf.org/ qhs/software/hazard), because there was a short early period of elevated risk followed by a gradually rising late risk of death. These different phases of risk, labeled early and late ( Figure E1 ), were data driven, resolved by temporal decomposition. Because of the orthogonal nature of such decompositions, separate streams of covariables were analyzed simultaneously in the same model. 8 Because the shape of time-varying risk of death could differ for women and men, we constructed separate hazard models for each, as well as for the combined group. Survival estimates of matched US populations were generated for each patient from US life tables and according to age, sex, and race, then averaged.
Multivariable analysis was performed in the hazard function domain, incorporating variables simultaneously into all phases using those listed in Appendix E1, with bootstrap variable selection as described in the previous text.
Women presenting for CABG were more symptomatic than men and more prone to have heart failure, hypertension, peripheral arterial and cerebrovascular disease, and pharmacologically treated diabetes (Table 1) . By contrast, men had more diseased coronary arteries, previous myocardial infarctions, and a history of smoking. Therefore, the modeling strategy was as follows: Separate parsimonious models were developed for women and men, each in 3 steps: (1) preoperative factors only, (2) procedure-related and revascularization strategies only, and (3) preoperative and procedure/ revascularization variables combined. Thereafter, a semisaturated model was created that included every variable identified either in the female or male model and an interaction term for each with female sex to determine female-male differences in risk-factor strength and statistical significance.
To test the global effect of female sex on survival, we created a nested model by excluding the variable ''female'' and all female-variable interactions from the semisaturated model. We then compared the log-likelihood of the nested models. 
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RESULTS
Sex Differences in Revascularization Strategies
Incomplete revascularization was more common in men than women (Table 2) ; however, women received fewer arterial grafts, including less use of bilateral internal thoracic artery (ITA) grafts ( Figure E2 ) and radial artery grafts than men, less use of total arterial revascularization, and greater use of SVGs to the LAD. They also were more likely to receive only SVGs for revascularization. The majority of operations for both women and men were performed with cardiopulmonary bypass, but more women had off-pump procedures.
Sex Differences in In-Hospital Outcomes
Although occurring infrequently, postoperative deep sternal wound infections and septicemia occurred more often in women than men, and women experienced more postoperative strokes, renal failure, and renal failure requiring dialysis (Table 3) . They also experienced newonset atrial fibrillation more often and had more prolonged (>24 hours) postoperative mechanical ventilation. Women also had longer intensive care unit and postoperative lengths of stay. There was no significant difference in the occurrence of perioperative myocardial infarction. In-hospital mortality was greater for women than men even after risk adjustment (Table 3 and Table E1 ).
Sex Differences in Time-Related Survival
Overall, women had lower time-related survival than men after CABG (Figure 1 ), and this has persisted since the beginning of CABG at Cleveland Clinic ( Figure E3 ). Consequently, the gap between survival of women in the general population and women after CABG was wider than that for men. After we adjusted for patient and revascularization strategy differences, female sex remained an independent risk factor for death overall (P <.0001) and both early (P < .0001) and late (P ¼ .01) after CABG (Tables E2 and E3 ).
Effectiveness of Revascularization Strategies
Incomplete revascularization was associated with lower survival than complete revascularization in both men and women, with incompletely revascularized women having the worst survival-81% versus 87%, 58% versus 70%, and 25% versus 35% at 5, 10, and 20 years, respectively (Figure 2, A) . Although risk-adjusted nomograms show considerable narrowing of these differences, the relationships to survival remained the same, without a differential effect attributable to sex (P > .9; Figures 2, B, and 3, Tables E2 and E3).
Use of ITA grafts was associated with better survival than use of SVGs alone and was best when bilateral ITA grafting was performed (Figure 3 , Tables E2 and E3 ). Women receiving SVGs alone had the lowest survival, 80%, 58%, and 25% at 5, 10, and 20 years, respectively (Figure 4, A) , compared with 86%, 68%, and 33% for men (Figure 4 , B). Men with bilateral ITA grafts had the highest survival, 96%, 88%, and 63% at 5, 10, and 20 years, respectively, compared with 90%, 77%, and 48% for women ( Figure 4 , C and Figure 5 ). Women who received bilateral ITA grafting appeared to have survival similar to that of men after single ITA grafting (P ¼ .12 after multivariable adjustment; Figure 4 , D). Non-risk-adjusted actuarial estimates demonstrate that these relationships have been consistent across time ( Figure E4 ).
DISCUSSION
Worse outcomes after CABG in women compared with men have been attributed to older age, delayed diagnosis and treatment, greater prevalence of comorbidities (respiratory disease, diabetes, hypertension, and heart failure), smaller size, more acute presentation, underuse of arterial grafts (specifically the ITA), and referral bias.
3,5,10 These differences make it difficult to determine whether women's worse outcomes are related solely to a greater preoperative risk profile or to a less-than-ideal operation. Hence, in this study we used extensive risk adjustment to examine the association of these differences in revascularization strategies between male and female patients with survival after CABG.
Principal Findings
Women had less favorable preoperative characteristics than men, but received fewer bilateral ITA grafts and less all-arterial grafting as part of their revascularization strategy. Women also experienced greater morbidity and greater in-hospital mortality after CABG than men. Unlike the general population, they had lower risk-adjusted long-term survival than men, with the worst survival noted in women who were incompletely revascularized and had no ITA grafting, and the best in men who were completely revascularized and had bilateral ITA grafting. The effectiveness of bilateral ITA grafting, however, was blunted in women compared with men.
Sex Differences in Revascularization Strategies
Our finding of less use of arterial conduits in women is consistent with results of other studies. 11, 12 
Sex Differences in In-Hospital Outcomes
In this study, unadjusted analysis showed greater morbidity and higher in-hospital mortality for women, and this difference was not explained by their different comorbidity profile, in contrast to what has been reported previously. 2, 10, 15 Our previous work showed similar in-hospital mortality among well-matched women and men 2 ; however, in that study, only 26% of women could be matched with men, reflecting the marked dissimilarity between the sexes in baseline preoperative characteristics. Despite a higher overall morbidity, less complete revascularization, and more SVG use in women, occurrence of perioperative myocardial infarction was similar for both women and men.
Sex Differences in Long-Term Survival
We found lower unadjusted and risk-adjusted survival in women than men, and this has been consistent in our experience since the beginning of CABG. Other reports of longterm survival of women after CABG are inconsistent. [15] [16] [17] [18] It was in part the discrepancies in these findings that stimulated us to approach our study differently from those of the past. We did not focus on an overall result, as is the forte of a propensity-matching approach. Rather, we identified risk factors for death separately for women and men to establish a pool of factors. Then we looked for interactions-different strengths of association of these factors between women and men. This strategy highlights not only the (Tables E2 and E3) , with variables held constant, as noted in the Methods. Single internal thoracic artery grafting is simulated for both men and women. CR, Complete revascularization; IR, incomplete revascularization. FIGURE 3. Forest plot of early and late survival after coronary artery bypass grafting according to revascularization strategy, adjusted for differences in characteristics between women and men. Symbols represent the hazard ratio and horizontal bars 95% confidence limits. Note difference in horizontal scales. CR, Complete revascularization; SITA, single internal thoracic artery grafting; BITA, bilateral internal thoracic artery grafting. risk factors for death, but also how they may affect survival differently in women and men.
It is possible that the discrepancies arise because allcause mortality is an incomplete metric of outcome. For example, Vaccarino and colleagues 19 found that after CABG, women showed less improvement in physical functioning than men. Less-favorable gains in functional status could be related to differences in revascularization strategies, such as less complete revascularization, or to more graft occlusions. 18, 20, 21 Abramov and colleagues 11 attributed the higher prevalence of recurrent postoperative angina in women than in men after CABG to incomplete revascularization, graft occlusion, and progressive atherosclerosis, although they found no sex-related difference in performance of repeat revascularization. Kurlansky and colleagues 22 reported greater risk of late myocardial infarction among women than propensity-matched men, all of whom received bilateral ITA grafts.
Effectiveness of Revascularization Strategies
We found that complete revascularization in both women and men was associated with better survival than incomplete revascularization. This finding is consistent with previous reports of decreased survival and increased adverse events with incomplete revascularization. 23, 24 FIGURE 4. Survival after coronary artery bypass grafting stratified by sex and single versus bilateral internal thoracic artery grafting. BITA, Bilateral internal thoracic artery grafting; SITA, single internal thoracic artery grafting. A, Women. Format is as in Figure 2 , A. B, Men. Format is as in Figure 2 , A. C, Unadjusted. Format for Kaplan-Meier estimates is as in Figure 2 , A. D, Adjusted. Variables as in Figure 2 , B except that complete revascularization with !50% stenosis was simulated for both men and women. The survival benefit associated with use of ITA grafting is well established. 25, 26 Similarly, use of more arterial conduits has been associated with decreased in-hospital and late mortality and lower recurrence of angina. 27, 28 However, although bilateral ITA use in women was associated with possibly better survival than single ITA grafting, it was only half as effective as in men. Why would women have different survival than men after bilateral ITA grafting? We hypothesize that this difference may be related to smaller coronary arteries, more diffuse coronary artery disease, and smaller arterial grafts in women. These factors could result in reduced effectiveness of arterial revascularization and possibly decreased graft patency.
In support of this hypothesis, Douglas and colleagues 29 reported that women had smaller coronary arteries and reduced graft patency compared with men. Roberts and Roberts 30 reported smaller cross-sectional area of the proximal coronary arteries in women that they attributed to differences in body weight and heart size, but others have found that these differences persisted after accounting for body size. 31, 32 Grafting small coronary arteries is associated with limitation of conduit flow, which correlates with increased operative mortality after CABG, even after adjusting for preoperative variables. 31, 33 Women also have higher rates of admission for recurrent angina and heart failure than men, 20, 34 but tend to have less extensive coronary artery disease and less collateral circulation. 34, 35 Why did we find reduced effectiveness of bilateral, but not single, ITA grafting in women? The answer is unclear, although the left ITA is most commonly used to bypass LAD lesions, whereas the right ITA usually is used to bypass the second most important target, which is likely to be smaller than the left ITA target.
Clinical Implications
Although 2 ITA grafts are better than 1 for both women and men, bilateral grafting appears less effective in women in the long term. Hence, a patient's sex deserves special consideration in operative planning. Would a more meticulous harvesting of conduits and better coronary target selection narrow the outcome gap between men and women? How effective are the procedures currently in use? Is there a specific group of women who benefit more from bilateral ITA grafting and who are less susceptible to the risk of sternal wound infections? Identifying such a group of patients could increase appropriate use of bilateral ITA grafting.
Strengths and Limitations
This is a single-institution prospective cohort investigation in which unaccounted-for variables could have influenced outcomes. However, because of the inability to randomize sex, our study is a natural experiment. We considered variables known to be related to early and late mortality in this patient population. Factors related to surgeons' decision-making about choice of conduit, and whether the predetermined revascularization strategy ultimately was performed, modified, or abandoned secondary to untoward intraoperative circumstances (eg, poor conduit after harvest), are unknown. In addition, our follow-up focused on all-cause long-term mortality. Although this is a hard endpoint, fatal and nonfatal myocardial infarction, stroke, need for repeat revascularization, compliance with rehabilitation, medications, and diet were not studied. Incomplete revascularization can be attributed to poor coronary targets versus surgeon choice; we were unable to distinguish between the 2 from our database.
A considerable strength of the study is that it spans 4 decades, permitting us to assess long-term mortality consequences of the initial revascularization strategy; indeed, this is the only way to obtain long-term information. At the same time, the 4-decade span introduces limitations. Thus, early outcomes (Tables E4 and E5 ) and late survival might have been influenced by changes in patient characteristics ( Figure E5 ) and advances in both initial and longitudinal medical treatment, such as postoperative use of statins and antiplatelet medications, and intervention techniques, although these changes are likely to have influenced both sexes. We have demonstrated that sex differences in survival and differences with respect to revascularization strategy associated with long-term survival have been present in our experience since the beginning of CABG.
CONCLUSIONS
Every attempt should be made to achieve complete coronary revascularization and use arterial grafting in both women and men. The difference in effectiveness of bilateral ITA grafting needs to be considered in women at elevated risk for bilateral ITA harvesting complications.
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APPENDIX E1. VARIABLES CONSIDERED IN ANALYSES Demographics
Age (y), sex, race, weight (kg), height (cm), weight/height ratio, body surface area (m 2 ), body mass index (kg$m À2 ) Acuity New York Heart Association functional class (I-IV), emergency operation
Cardiac Comorbidity
Previous myocardial infarction, atrial fibrillation or flutter, complete heart block or pacer, heart failure
Noncardiac Comorbidity
Peripheral arterial disease, carotid disease, hypertension, chronic obstructive pulmonary disease, history of smoking, prior stroke, bilirubin (mg$dL
Ventricular Function
Left ventricular dysfunction (none, mild, mild to moderate, moderate, moderate to severe, severe)
Coronary Artery Disease
Number of systems diseased (!50% stenosis), maximum left main trunk (LMT) stenosis, LMT disease (0%, !70%, and !50% stenosis), maximum left anterior descending coronary artery (LAD) stenosis, LAD system disease (0%, !70%, and !50% stenosis), maximum left circumflex coronary artery (LCx) stenosis, LCx system disease (0%, !70%, and !50% stenosis), maximum right coronary artery (RCA) stenosis, RCA system disease (0%, !70%, and !50% stenosis)
Blood Product Use
Any intraoperative or preoperative blood products given.
Procedure
Number of internal thoracic artery (ITA) grafts (none, single, bilateral), incomplete revascularization (based on !50% stenosis). Conduits used: arterial grafts, only arterial grafts, gastroepiploic or inferior epigastric artery, ITA, free ITA, in situ ITA, left ITA, right ITA, radial artery, saphenous vein, other conduit. Graft location: LAD diagonals, LAD (including LMT), LCx territory, RCA territory. Missing value flags for cholesterol and creatinine are used in the model to adjust for block missing data. SE, Standard error; R, reliability; BMI, body mass index; NYHA, New York Heart Association; LMT, left main trunk; LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; RCA, right coronary artery; LV, left ventricular; ITA, internal thoracic artery. *Percent of times factor appeared in 500 bootstrap models. yExp(age/50), exponential transformation. 
